The dissimilar welding of Al to Mg is very challenging owing to the rapid formation of an intermetallic (IMC) reaction layer at the joint interface, typically comprised of the binary phases -Al12Mg17 and -Al3Mg2. A potential metallurgical solution has been explored that aimed to change the reaction path by using Al-Zn alloy coatings to promote alternative IMCs with a slower growth rate. To determine the optimum composition for the coating, combined CALPHAD thermodynamic calculations and diffusion simulations were used to estimate the minimum Zn concentration (20 at.%) required to suppress the formation of the fastest growing Al3Mg2 phase. experiments. In each case the selected coating alloy was effective in changing the Al-Mg reaction path by forming the -(Al,Zn)49Mg32 phase as a substitute for -Al3Mg2. However, in static heat treatments there was no reduction in the IMC reaction layer thickness due to the new phase having similar growth kinetics to the -Al3Mg2phase it replaced. Nevertheless, Refill TM friction stir spot welds prepared with the new AL-Zn coating alloy exhibited a thinner reaction layer and an increase in lap shear strength. This benefit was attributed to the Zn addition reducing the joint interface liquation temperature, which resulted in a lower peak weld temperature and less IMC reaction;
Introduction
Replacing steel with lower density alloys is a growing trend in the automotive industry where weight reduction is becoming an increasingly important requirement, to increase fuel efficiency and extend the range of electric vehicles [1] . It is now recognized that the most efficient vehicle designs are based on a multi-material approach, where the best attributes of different materials can be exploited in a single structure. This multi-material design philosophy has increased interest in joining dissimilar automotive alloys. However, it has been found to be very challenging to directly join Al to Mg, even when using lower temperature solid-state welding techniques such as friction stir welding (FSW). [2] [3] [4] [5] [6] [7] .
The main issue in welding Al to Mg alloys is the rapid formation of intermetallic compounds (IMCs) at the weld interface, which embrittles the joints and makes them unusable for safety critical applications [2] [3] [4] [5] [6] [7] . Rapid IMC reaction occurs in this system owing to the high diffusivities of Al and Mg in each weld member and, perhaps unusually, through the IMC phases themselves which often form a continuous barrier layer at the weld interface [7] [8] [9] [10] [11] [12] . For example, the activation energy for interdiffusion in binary Al-Mg IMCs have been reported to be much less than for Al-Fe intermetallic phases (e.g. ~ 870 kJ/mol for the -Al3Mg2 phase and ~ 200 kJ/mol for Fe2Al5 [7-10, 13, 14] . There are three main IMCs that can form in Al -Mg diffusion couples, namely -Al12Mg17, -Al3Mg2, and -Al30Mg23 [7, [15] [16] [17] . Of these phases, -Al30Mg23 has sluggish kinetics and is not normally seen in welding [7, 17, 18] and -Al3Mg2 is regarded as having the greatest impact on compromising the mechanical performance of welded joints, because it has the highest growth rate and generally forms the dominant IMC layer at the weld interface [7, 8, 9, 12] . Interfacial cracking also preferentially occurs within this phase, owing to its greater thickness, poor mechanical properties and large residual stresses [7, 19] . Therefore, in principle by taking measures to control the formation of the -Al3Mg2 phase the performance of Al -Mg dissimilar welds could be improved.
A metallurgical approach explored in this paper to attaining this goal is to develop an interlayer for Al-Mg joints with a composition that promotes a new reaction path and, thereby, suppresses the formation of the undesirable -Al3Mg2 phase. To be practical in a friction welding process this
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4 would be simplest to achieve through the application of a coating to the surface of one of the weld members. However, the survivability of the coating also needs to be taken into consideration, when selecting an appropriate material, as in a previous attempt by the current authors it has been found that thin brittle barrier coatings (e.g. PVD Mn) break up during friction welding, compromising their effectiveness [20] .
There have been several studies showing that a Zn-rich interlayer, either existing in the form of a pure Zn foil [21, 22] or as an Al-Zn alloy [23, 24] , can enhance the mechanical properties of Al -Mg dissimilar joints. For example, the shear strength of Al -Mg diffusion bonds has been claimed to double when using an Al-Zn alloy interlayer [23] . In this research, Zn rich interlayers have been reported to be effective in inhibiting the production of Al -Mg binary IMCs at the weld interface, by substituting them with Mg-Zn binary and Al-Mg-Zn ternary phases, which were claimed to have slower growth kinetics [23] . Suppression of the formation of the binary Al-Mg IMCs was proposed by the authors [23, 24] as the main mechanism that led to an improved joint performance. However, although Zn-rich interlayers show promise for reducing the problem of rapid IMC reaction in dissimilar joining Al to Mg, important aspects of this approach remain unknown, including the optimum Zn composition, and a full assessment of the phases formed and their growth kinetics under controlled conditions, as well as the properties of the new IMCs formed.
The aim of this work was therefore to more systematically study the potential for Zn-rich coatings to reduce the detrimental effects of intermetallic phase reactions during solid state welding of Al to Mg automotive alloys. To obtain a coating interlayer with sufficient ductility to survive friction welding, an Al-Zn alloy was selected and thermodynamic calculations and interdiffusion simulations were first used to 'design' the ideal composition. The compositions selected were then initially investigated in inter-diffusion experiments using static heat treatments, in order to compare their effectiveness under accurately controlled temperatures and to produce samples that allowed the mechanical properties of the individual phases to be compared using nanoindentation tests. The optimized composition was then friction stir spot welded to a Mg alloy to test its performance under more transient welding conditions. In addition, the intermetallic phases formed between the Al-Zn interlayers and Mg have been fully characterized and compared to the conventional binary IMC phases seen in Al -Mg dissimilar joints.
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Methodology

Modelling
To identify weld interlayer alloy compositions of interest, the CALPHAD software tool PANDAT TM and the latest aluminium database diagram was first used to calculated Al-Mg-Zn ternary phase diagram. A one dimensional diffusion simulation was then employed, using the computational tool DICTRA TM , to predict the development of the composition profile in Al-Zn -Mg couples with different initial Zn concentrations. In the calculations the Mg alloy starting composition was fixed to be that of the commercial alloy AZ31 (Table 1) , which is widely employed in the automotive industry (the same alloy was also used for experimental verification). As the required diffusion coefficients in all the relevant IMC phases are not known, for simplicity, a single-phase model was used in the calculations, which assumed that the diffusion couple remains as an Al and Mg solid solution. For each starting composition, the concentration profiles of all three elements were then calculated after various inter-diffusion periods (up to 24 hours at 360 ˚C). By plotting the locus of the compositions predicted by DICTRA on the ternary phase diagram (Fig. 1a ), a diffusion profile was then obtained that could be related to the equilibrium phase stabilities at each specific composition (Fig. 1b ).
Experimental
To validate the modelling predictions, reaction with Al-Zn coating alloys of the desired composition was simulated by casting small book molds and rolling them to the same 1 mm thickness as the baseline standard sheet materials. These samples were subsequently used for the isothermal inter-diffusion experiments and observation of the interfacial reaction after FSSW. The Mg alloy, AZ31, was used for preparing all the dissimilar joints (Table 1) . Three Al-Zn compositions were selected based on the diffusion simulations. The alloys were cast using Al and Zn with a purity of 99.9 %. The ingots were then hot rolled to 1 mm thick sheet, homogenised at 460 °C, and quenched in water to obtain supersaturated Al-Zn solid solutions. The conventional Al automotive alloy AA6111 (Table 1) was also used to prepare Al -Mg baseline samples for comparison purposes,
with the same AZ31 alloy.
For static heat treatment experiments, the sheets were cut into 30 mm × 30 mm squares, and deoxidized by grinding with 320-grit sandpaper and washing in ethanol. To obtain a metallurgical bond prior to heat treatment, the Al and Mg samples were first lightly welded together using a 2 kW
Sonobond ultrasonic spot welder with a very short dwell time of 0.2 seconds. The samples were then held at 360 ˚C in a furnace for different times, to study the microstructural evolution at the joint interfaces. For the welding experiments, the sheet materials were cut into 25 mm × 100 mm coupons and treated using the same surface cleaning procedure. The Refill TM FSSW technique [25] was adopted to produce the dissimilar joints, using optimized parameters previously developed by the current authors [26, 27] consisting of a rotation rate of 2000 rpm, sleeve plunge depth of 1 mm, and a welding duration of 1 sec.). During welding the AZ31 Mg alloy sheet was placed on the top of the lap joint and both materials were aligned in the rolling direction (RD).
Microstructural analysis was performed on the dissimilar joints sectioned perpendicular to the rolling direction (RD) in the ND-TD plane (normal -transverse direction) after metallographic preparation using water free, oil-based, diamond paste and a silica particle suspension. BSE and electron EBSD analysis were carried out on an FEI Magellan HR FEG-SEM equipped with EBSD and EDX detectors. TEM samples of the interface region were prepared using focused ion beam (FIB) milling with an FEI Quanta 3D FIB machine. Analysis was conducted in an FEI Tecnai G2 20
TEM equipped with an EDX detector.
The hardness and elastic moduli of the IMC interface phases formed in the heat treated samples were evaluated using a nano-indentation technique. A Berkovich indentor tip was used for the measurements. A matrix of 8 × 3 indents with a 5 m separation was made across the intermetallic layers. In addition, lap shear tests were carried out using an Instron testing machine at a loading rate of 1 mm/min, to characterize the effectiveness of the coating material on increasing the joint strength of the dissimilar welds. The interface temperature during FSSW was measured using 0.5 mm k-type thermocouples placed directly under the sleeve position of the welding tool, which is known to be the hottest weld location [26 -28] . The peak interface temperatures reached were
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Results and Discussion
Coating Design
The combined thermodynamic and inter-diffusion calculations described above were first used to predict the optimum composition of an Al-Zn rich coating alloy that would be required to prevent production of the -Al3Mg2 phase during dissimilar welding of an Al-Zn interlayer alloy to Mg-AZ31. Fig. 1(a) shows an isothermal section of the ternary system at 360˚C, which is at the lower end of the typical range of peak temperatures measured during friction stir spot welding of Al to Mg (e.g. 360 ˚C to 437 ˚C) where the upper limit corresponds to the eutectic temperature for the reaction Mg + -Al12Mg17 → Liq. [15, 16, 29] . According to the calculations, and other thermodynamic assessments (e.g. It should be noted that although the above thermodynamic-based simulations predict that an interlayer alloy with a composition of Al-20 at. % Zn will be the minimum Zn content required to avoid the rapidly growing -Al3Mg2 phase, when welding in the temperature range of 360 -437 °C, in practise whether a phase will actually appear also depends on kinetic considerations. Hence, to validate the predictions, results are reported in the following sections where interlayer coating alloys with the same compositions were tested under static heat treatment and welding conditions.
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Static Diffusion Experiments
Fig . 2 compares the typical interfacial microstructure of the Al -Mg baseline interdiffusion sample (AA6111 to AZ31) with that of the equivalent Al-20 % Zn -Mg couple, which had the minimum predicted Zn composition to avoid the -Al3Mg2 phase field, following static annealing at 360 ˚C for 24 hrs. In the Al -Mg baseline sample three intermetallic layers can be observed at the joint interface ( Fig. 2a and b) . The two thicker layers immediately adjacent to the Mg and Al sides of the weld were identified to be the -Al12Mg17 and -Al3Mg2 phases, respectively, as has been reported in previous studies (e.g., [7, 12, 18,] ). The third, thinner, mid-layer, which has not been commonly observed, was indexed to be the -Al30Mg23 phase by selected area diffraction as shown in Fig. 2c (a further TEM image of the  (Al30Mg23) phase and diffraction date is shown in Fig. 3 ). This phase is also disused in a recently published companion paper by the current authors [7] . Of the three IMCs observed, the -Al3Mg2 phase can be seen to have developed to be the thickest layer as it has the highest growth rate, although it forms shortly after -Al12Mg17, whereas the -Al30Mg23 phase only develops after prolonged heat treatment and is not normally seen in dissimilar welds [7] .
In the Al-20 % Zn -Mg sample, after the same heat treatment a similar three-layer IMC structure was observed (Fig. 2d) . However, EDX measurements across the interface indicated that the individual layers were composed of different compounds, as plateaus with different stoichiometry's appeared in the composition profiles (Fig. 2e ). In addition, Zn was found in all three of the IMC layers and increased in concentration discontinuously towards the Al-Zn substrate. In the thickest layer, that formed adjacent to the Al-Zn side of the diffusion couple, an average composition of Al45Mg40Zn15 was measured, which is consistent with that of the -(Al,Zn)49Mg32 phase (typically about 40 at. % Mg, with a range of Al to Zn [31, 32] ). This phase formed near the Al substrate where the -Al3Mg2 phase is usually seen in an Al -Mg binary couple and in this sample no -Al3Mg2 was found, confirming the thermodynamic predictions presented above (Fig. 1) . To more rigorously identify the phases found in the Al-20 % Zn -Mg (AZ31) sample, TEM analysis was conducted on a FIB specimen extracted from the central region of the interface (white box in Fig. 2d ), and the results are illustrated in Fig. 3 . Fig. 3(a) shows the FIB foil, in which the
three intermetallic layers (i., ii. and iii.) can be seen. The step change in their compositions' was further confirmed by EDX STEM analysis along the red line (Fig. 3b) . Selected area diffraction (SAD) patterns of the two IMC layers closest to the Mg side of the joint (layer i. and ii.) were indexed to match the Al-Mg binary -Al12Mg17 and -Al30Mg23 phases, respectively ( Fig. 3c and d ).
This means that the significant Zn concentrations measured in these two phases were from solute atoms. Zn is known to substitute for Al in these phases and in the ternary system they should actually be referred to as the -(Al,Zn)12Mg17 and-(Al,Zn)30Mg23 [33] .
Diffraction patterns from the third layer (iii. in Fig. 3 ) adjacent to the Al side of the joint gave good agreement with that of the -(Al,Zn)49Mg32 phase. For example, Fig. 3e has been indexed as the
[012] zone for this crystal structure [31, 34] . Based on the selected area diffraction data and the EDX compositional analysis, it thus seems safe to conclude that the -(Al,Zn)49Mg32 phase formed adjacent to the Al-Zn alloy interface during static annealing, replacing the -Al3Mg2 phase which was not detected. Hence, at this heat treatment temperature the experimental results confirm the thermodynamic predictions that a composition of Al-20%Zn is effective in eliminating the binary  phase and replacing it with the ternary compound -(Al,Zn)49Mg32.
A C C E P T E D M A N U S C R I P T and the middle -Al30Mg23. However, in the lower Zn content Al-10 % Zn -Mg sample, the dominant lower layer can be seen to be composed of two phases that grew collaboratively as an alternating co-columnar structure. EDX analysis parallel to the interface plane (along the red line in Fig. 4a ) indicated that this layer was comprised of a mixture of -Al3Mg2 and -(Al,Zn)49Mg32 (Fig.   4d ). This observation is again in good agreement with the simulation result that predicted that a lower Zn content would be insufficient to fully suppress the formation of the undesirable phase ACCEPTED MANUSCRIPT
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14 and the diffusion path should cross the -Al3Mg2 and -(Al,Zn)49Mg32 phase field (Fig. 1b) .
However, similar to in the Al-20 % Zn -Mg diffusion couple, the dominant reaction layer in the higher Zn content Al-30 % Zn -Mg sample was found to be composed of a single -(Al,Zn)49Mg32 phase, with no -Al3Mg2 detected. These results therefore confirm the predictions from the simplified diffusion simulations, that at typical FSW welding temperatures the -Al3Mg2 phase field can be avoided with a Zn content above 20 at.%. Finally, in all samples a thin microstructurally distinct continuous  phase layer could be seen adjacent to the Al coating alloy, with a finer grain structure where it has a grown in to the substrate alloy. This behavior is discussed further in reference [7] and is associated with the formation of some Kirkendall voids and the concentration of constituent particles present in the substrate material.
A C C E P T E D M A N U S C R I P T Fig. 5a that, despite changing the dominant IMC phase formed, the two Al-Zn -Mg samples exhibited a remarkably similar overall thickening rate to that of the baseline sample, indicating that the high Zn content inter-layer alloys had surprisingly little effect on the overall IMC reaction layer growth rate at this temperature. In addition, from comparison of the Al-Zn -Mg and Al -Mg samples it can be seen that, contrary to expectation [23,
IMC Layer Growth Rates
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16 24], the ternary -(Al,Zn)49Mg32 phase actually grew at a slightly faster rate than the -Al3Mg2 phase it replaced (Fig. 5c) , although the addition of Zn significantly retarded the thickening rate of the -Al12Mg17 phase (Fig. 5b) . Overall, this resulted in the total thickness of the IMC layer in the Al-Zn -Mg samples slightly exceeding that of the Al(6111) -Mg joints (Fig. 5a) . Consequently, in contrast to previous reports [23, 24] of their respective IMC growth kinetics, under controlled conditions the Al-Zn interlayer alloys were not found to be beneficial in inhibiting the thickening rate of the overall IMC reaction layer in an Al-Mg diffusion couple. 
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Mechanical Properties of the IMC Phases
Intermetallic compounds produced by inter-diffusion at a bi-metallic interface usually form a weak link in dissimilar metal welds; hence, a full understanding of their mechanical properties is important if dissimilar joints are to be optimized. Fig. 6 shows the hardness and elastic moduli of the intermetallic phases found in the Al-20 % Zn -Mg sample after heat treatment measured from nano-indentation load -displacement curves. Results for the Al -Mg baseline sample are also provided for comparison [7] . It can be seen that the addition of Zn has affected the properties of the IMC phases normally produced in the joint interface region by: i) slightly increasing the hardness and modulus of -Al12Mg17 and -Al30Mg23, by 5 % -10 % and; ii) replacing  with the  phase which has a higher hardness and elastic modulus. 
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FSSW
Interfacial Reaction
Cross-sections from Refill-FSSWs produced between the Al-20 % Zn interlayer alloy predicted to be the minimum composition level required to suppress -Al3Mg2 formation and the Mg AZ31 alloy, are compared to the baseline AA6111-AZ31 sample in Fig. 7 . The welding conditions used were designed to produce minimal plunge into the Al bottom sheet (0.1 mm) and the joint interface is still clearly defined in both weld combinations. However, because of its high Zn content, the Al-Zn alloy had a higher hardness than the AA6111 alloy (128 as opposed 87 HV). As a result, the interface region of the Al-Zn -Mg joint has experienced less deformation and appears flatter than that in the baseline weld. Due to heterogeneity in the thermal and deformation history across the weld interface [4, 27, 35] four sites (site A-D) were selected for microstructural characterization (Fig. 8) .
For each site, the average IMC layer thicknesses were measured and the results are listed in Table 2 .
Compared to in the static heat treatment samples, the binary -Al30Mg23 phase was absent from both sets of FSSW joints, which is not unexpected given that the  phase is known to have sluggish kinetics and typically only forms after long annealing times (e.g. tens of hours) [7, 16] . The BSE images in Fig. 8 show that two IMC reaction layers were produced in each weld combination, with uneven thickness. Similar to in the static heat treatment samples, in the Al -Mg baseline sample ( Fig. 8a-d ) the upper layer adjacent to the Mg side of the interface was identified to be -Al12Mg17 and the lower layer the -Al3Mg2 phase. However, the  phase formed the thicker reaction product (~ 4 m), while the -Al3Mg2 phase was thinner, being approximately only 1 m thicker, whereas in the long-term annealing experiments  formed the thickest IMC layer. On average, the total IMC layer thickness in the Al -Mg sample was therefore about 5 m. Importantly, compared to in the baseline sample, the Al-Zn -Mg welds produced under identical conditions exhibited a dramatic reduction of more than 80 % in the total IMC layer thickness, to less than 1 m ( Fig. 8 ; Table 2 ). The reaction layers also appeared to be more uniform. The insert images in Fig. 8 (e-h) show the interfacial region at a higher magnification, from which two reaction layers of a similar thickness of about 400 nm can be observed across the entire weld interface. 
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Weld Interface Temperatures
In dissimilar welds the interface temperature rise can strongly affect interfacial reactions, both thermodynamically and kinetically [2, 11, 12, 29] . While all the welds were prepared with identical conditions, in a friction-welding process coupling between the tool and weld members and the material flow properties at temperature determines the rate of heat generation [35, 36] . Before coming to firm conclusions with regard to the respective growth rates of IMC phases produced between different alloys, it was thus important to compare the interface temperature rise in each weld sample. Fig. 10 shows examples of typical temperature histories measured from the two dissimilar joint types during welding. The temperature cycles are characteristic of the Refill-FSSW process, when temperature is measured below the sleeve position. Initially, there is a very rapid heating rate during the sleeve plunge phase. This is followed by a peak corresponding to the shoulder plunge dwell and then a decrease as the sleeve is withdrawn and the pin advanced, and a final decrease when the tool is retracted [27, 28] .
A C C E P T E D M A N U S C R I P T The thermocouples were placed at the joint interface directly under the sleeve, where the tool surface velocity is greatest and the most heat is generated [27, 28] . The peak temperatures recorded at this positon would therefore be expected to be close to the highest temperatures reached at the joint interface. The average peak temperature measured for the Al-20 % Zn -Mg(AZ31) sample was 385 °C, which is close to 360 °C -the simulation temperature selected for coating design, but this was significantly lower than that reached in the baseline Al(6111) -Mg(AZ31) welds (452 °C).
Local melting is commonly found in friction stir welded Al -Mg joints [4-6, 28, 29] , especially on the periphery of the tool (such as at site v. in Fig. 7a ). In this study, the average peak temperature measured for the Al -Mg weld of 452 °C coincided almost exactly with the lowest temperature at which -Al3Mg2 liquation initiates in the binary Al-Mg system (450 °C), which is the eutectic temperature for the reaction (Al) + β → L, although the reaction (Mg) +  → L takes place a slightly lower temperature (437 °C) [15, 16] . SEM investigation in Fig.11a and b, taken at the edge of the weld zone (site E in Fig. 7a) , also shows the -Al3Mg2 phase to have re-solidified with dendritic morphology within a eutectic matrix.
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In the ternary Al-Mg-Zn system there are several lower melting point reactions which extend down to 338 ⁰C (611 K) at the Al, Mg rich side of the diagram ( (Mg) +  + MgZn → L) [30] but, given only the -(Al,Zn)49Mg32 and -Al12Mg17 phases are present at the interface, with the Al-20 % ZnMg weld melting is more likely to occur at a higher temperature, which is in agreement with the measured maximum temperature rise of ~ 380 °C. In Fig. 11c and d , microstructural evidence can also be seen for some eutectic formation at the joint interface in images taken from site v. in Fig. 7 , which was the hottest position at the weld interface. It can thus be concluded that during the weld cycle interfacial reaction mainly took place in the solid state, but liquation occurred locally near the edge of the tool sleeve positon in both joints, where different melting temperatures were exceeded and in both cases this restricted the maximum interface temperature reached. The crack propagation behavior, observed by sectioning partially fractured lap shear test samples for the dissimilar welds, is illustrated in Fig. 13 . In all joints cracks were found to develop exclusively within the interfacial reaction layer, indicating that the welds' mechanical performance was strongly influenced by intermetallic reaction. However, unlike in the Al -Mg baseline sample, in which cracking mainly occurred within the -Al3Mg2 phase layer (Fig. 13a) , in the Al-20 % ZnMg the crack path exclusively followed the -Al12Mg17 / Mg interface and no cracking was seen within the intermetallic layers (Fig. 13b) . The fact that the crack path followed the site of eutectic melting, suggests that in this sample a weak interface with the eutectic layer was the major cause of failure, rather than the presence of the interfacial IMC phases.
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Finally, it should be noted that the stress state in a lap 'shear' test is not pure shear and is dependent on the yield strength of the weld members and stress concentration at the weld edge. For example, the test naturally bends the weld out of plane, which creates a tensile component normal to the join line and the degree of 'hooking' [4, 22, 29] will also influence the local stress state where fracture initiates. Both of these effects are material dependent and would be expected to be more complex in a bi-metallic sample. This means that direct comparison of fracture strength results should be considered with caution, although the lap shear tests have provided clear evidence that it is possible to change the fracture mechanism by 'designing' an interlayer material. 
Coating Design
In this work a major aim was to validate an efficient method for selecting interlayer alloys that parameters (e.g. bulk / grain boundary diffusion), and the grain structure and coarsening rate within each IMC layer [12, 14] . However, overall the approach adopted was found to give good agreement with the experimental results and successfully predicted the desired interlayer composition. The simplified method adopted here can therefore be viewed as providing a practical first step for interlayer selection in dissimilar welding, by predicting the phases that are thermodynamically expected to from in a given temperature window and alloy combination.
The Effectiveness of the Designed Coating for IMC Control in FSSW
The selected Al-20 % Zn coating alloy had two major effects on joint performance; one successfully predicted from thermodynamic considerations that did not work as well as expected, and one that was not anticipated, but proved more significant, related to the interaction between phase equilibrium and the friction welding process, which with hindsight could have equally been readily calculated in advance using the CALPHAD approach. Firstly, in line with the thermodynamic and inter-diffusion predictions, the coating material successfully changed the reaction path at the joint interface and prevented the formation of the undesirable -Al3Mg2 phase in favor of the τ-(Al,Zn)49Mg32 phase, which could be beneficial for improving the interface strength. However, owing to a lack of prior kinetic data, it was not possible to predict in advance that the ternary τ-phase would have a slightly higher growth rate than the β phase it replaced. Although the τ-phase
was measured to have a higher hardness and elastic modulus than the  phase, it has not yet been determined if this translates into a higher fracture toughness. But, given that the toughness of such phases is typically extremely low [7, 19] , any improvement in terms of the weld properties would be expected to be marginal relative to the effect of reducing the IMC layer thickness. Secondly, in a real friction welding situation the temperature at the joint interface was substantially reduced by approximately 60°, when using the interlayer material relative to that recorded with the baseline alloy (AA6111). This decrease in temperature had a more dramatic effect on reducing the IMC reaction layer thickness than changing the reaction path and can be attributed to a reduction in the power dissipated in the welding process, which was limited by a lower liquation temperature at the weld interface. When welding the Al-Zn alloy, the liquation point was lowered by the addition of Zn, making the edge of the weld zone more prone to melting at a reduced temperature. The lower liquation temperature led to a drop in the maximum weld temperature and hence caused a marked reduction in the IMC growth rate across the majority of the joint interface where melting did not occur, which helped to enhance the weld strength. However, the resultant eutectic layer then became the main cause of weld failure, by providing an easy path for crack propagation, which largely counteracted the potentially positive effects of the coating material in terms of reducing the IMC layer thickness. As a result, only a modest improvement in the welds' mechanical performance was achieved by the application of the Al-Zn coating alloy.
Conclusions
In this research, a numerical method that combined CALPHAD thermodynamic calculations with diffusion simulations was developed to pre-select the composition for an Al-Zn coating alloy that could supress the formation of the -Al3Mg2 phase, at the joint interface between Al and Mg automotive alloys during dissimilar friction stir spot welding. Although relatively simple, the modelling method used has been shown to be capable of providing a practical first step in interlayer selection in dissimilar welding, by predicting the phases that are thermodynamically expected to form in a given temperature window and alloy combination.
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The modelling results indicated that 20 at. % was the minimum Zn concentration required to completely avoid the most rapidly growing -Al3Mg2 phase. Static interdiffusion experiments validated the modelling results, by confirming that the formation of the -Al3Mg2 phase was successfully inhibited at the joint interface to be replaced by the ternary -(Al,Zn)49Mg32 phase, in samples prepared with the Al-20 at. % Zn and Al-30 at. % coating alloys. An Al-10 at. Zn% alloy was also confirmed to be under alloyed, as in the Al-10%Zn -Mg samples collaborative columnar growth was observed between the A-l3Mg2 and -(Al,Zn)49Mg32 phases within the IMC layer at the joint interface.
Nano indentation tests suggested that the ternary  phase had a higher hardness and Young's modulus than the  phase. However, overall under static annealing conditions, the Al-20%Zn
coating alloys showed little benefit, in terms of reducing the overall thickness of the IMC reaction layer, as the growth rate of the -phase was found to be similar to that of the  phase it replaced.
Nevertheless, in FSSW of Al to Mg the Al-20 % Zn coating alloy (which had the predicted optimum composition) was found to be highly effective in reducing the extent of interfacial reaction at the joint interface. Welding with an Al-Zn rich coating alloy again replaced the  phase with -(Al,Zn)49Mg32, but also resulted in a significant reduction in the total thicknesses of the IMC reaction layer, from  to 1 m. However, this thickness reduction was found to be largely caused by the lower liquation temperature in the Al-Mg-Zn system, which limited the maximum weld temperature, and the resultant eutectic layer produced facilitated failure at the weld interface. As a result, despite the much thinner IMC layer, only a modest increase was seen in the strength of the welds prepared with the coating alloy.
A C C E P T E D M A N U S C R I P T  Refill TM friction stir spot welds produced with the coating alloy exhibited a thinner reaction layer and an increase in lap shear strength.
